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ABSTRACT
The increasing sensitivity of current experiments, which nowadays routinely measure the ther-
mal SZ effect within galaxy clusters, provide the hope that peculiar velocities of individual
clusters of galaxies will be measured rather soon using the kinematic SZ effect. Also next
generation of X-ray telescopes with microcalorimeters, promise first detections of the mo-
tion of the intra cluster medium (ICM) within clusters. We used a large set of cosmological,
hydrodynamical simulations, which cover very large cosmological volume, hosting a large
number of rich clusters of galaxies, as well as moderate volumes where the internal structures
of individual galaxy clusters can be resolved with very high resolution to investigate, how the
presence of baryons and their associated physical processes like cooling and star-formation
are affecting the systematic difference between mass averaged velocities of dark matter and
the ICM inside a cluster. We, for the first time, quantify the peculiar motion of galaxy clus-
ters as function of the large scale environment. We also demonstrate that especially in very
massive systems, the relative velocity of the ICM compared to the cluster peculiar velocity
add significant scatter onto the inferred peculiar velocity, especially when measurements are
limited to the central regions of the cluster. Depending on the aperture used, this scatter varies
between 50% and 20%, when going from the core (e.g. ten percent of the virial radius) to the
full cluster (e.g. the virial radius).
Key words: hydrodynamics, method: numerical, galaxies: cluster: general, cosmic back-
ground radiation, cosmology: theory
1 INTRODUCTION
The increasing sensitivity of the South Pole Telescope, ACT,
PLANCK, MUSTANG, CARMA, AMIBA, AMI and several other
CMB experiments provide the hope that peculiar velocities of in-
dividual clusters of galaxies will be measured rather soon using
the kinematic effect (Sunyaev & Zeldovich 1980). Also next gen-
eration of X-ray telescopes with microcalorimeters, like the soon
coming Astro-H mission or the planned Athena or SMART-X mis-
sions will be able to measure the kinematic of the intra cluster
medium (ICM) with so far unaccomplished precision. In fact, re-
cently the Atacama Telescope Team announced their first detec-
tion of the kinematic SZ (kSZ) effect due to the relative motion of
the groups of galaxies (Hand et al. 2012). Thereby, measuring the
kinematic SZ effect opens a unique and direct method of measur-
ing the peculiar velocities of the the hot ICM in clusters and groups
of galaxies relative to CMB monopole and if associated to the pe-
culiar velocity of clusters in general probe for the first time an so
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far unexplored prediction of our cosmological model (for example
recently Keisler & Schmidt (2012) considered the measurement of
the such signal to constrain models of modified gravity). More pre-
cisely, kSZ measurements are able to provide the value of the radial
component of the ICM peculiar velocity vrpec,ICM relative to the lo-
cal CMB monopole at the position of the cluster of galaxies,
∆TCMB
TCMB
= −
σt
c
∫
nev
r
pec,ICMdr, (1)
folded with the local electron density ne which needs to be addi-
tionally inferred from X-ray observations; here σT and c denote
the Thomson cross-section and the speed of light, respectively. Mi-
crocalorimeters on-board of future X-ray satellites will be able to
provide the redshift of the gas radiating in the iron 6.7 and 6.9 keV
lines. This redshift represents the sum of the Hubble recession ve-
locity vHubble(z) and the radial component of peculiar velocity of
the ICM within the cluster,
vX−ray = vHubble(z) + v
r
pec,ICM (2)
c© 0000 RAS
2 K. Dolag, R. Sunyaev
500Mpc/h
LCDM / 160
WMAP3 / 300
WMAP5 / 1200
Figure 1. Visualization of the 3 different simulations used. Shown are the position of all galaxy clusters with masses above 1014M⊙/h.
At the same time, the broadening of the 6.7 keV line complex
will give information about turbulence and bulk motions in ICM
(see discussion in Inogamov & Sunyaev 2003; Dolag et al. 2005).
Therefore combining X-ray and kSZ measurements permit to sep-
arate the Hubble flow velocity and peculiar velocity of ICM. How-
ever, in galaxy clusters the situation is more complex, as the av-
erage radial peculiar velocities of ICM and the halo as a whole
(including dark matter, ICM and mass in galaxies and field stars)
can differ significantly. As a result an unavoidable systematic error
will appear when the peculiar velocity of clusters of galaxies as a
whole is inferred from observations.
It is well known that both ICM and dark matter in clus-
ters of galaxies have large bulk motions due to merging of clus-
ters of galaxies with other clusters or groups of galaxies, infall
of fresh dark matter and ICM in the filaments (Frenk et al. 1999;
Sunyaev et al. 2003) and activity of a black hole in the center
of the dominant galaxies (Churazov et al. 2001). These motions
often have velocities of order the sound speed of the ICM and
thereby exceeding several times the expected peculiar velocity of
the cluster as a whole. Observationally, such bulk motions can be
seen by induced cold fronts or even shocks within the ICM (see
Markevitch & Vikhlinin 2007, for a review). Such cold fronts sug-
gest that large regions of clusters (e.g. the whole core) can have
systematic velocity offsets compared to the peculiar velocity of
the galaxy cluster and therefore could significantly affect the kSZ
measurements (Diego et al. 2003). These velocity offsets are also
reflected in the observed offset between X-ray and weak lensing
centers (Planck Collaboration 2012) as well as the displacement
of the central galaxy from the mass center of the galaxy clus-
ter (Zitrin et al. 2012). From X-ray observations, current measure-
ments of the line broadening so far give only upper limits on the tur-
bulent motions within the ICM (Sanders et al. 2011; Bulbul et al.
2012), however interpretation of the pressure fluctuations observed
in the Coma galaxy clusters indicate turbulent velocities at a level
of 10% of the sound speed (Schuecker et al. 2004). It has been re-
cently confirmed that the observed fluctuations in the X-ray surface
brightness of Coma would be compatible with turbulent velocities
of several hundreds of km/s (Churazov et al. 2012). Additionally,
Simionescu et al. (2012) recently presented the evidence for the
presence of bulk motions far beyond the core regions in the Perseus
cluster based on measured X-ray surface brightness features.
Such large bulk motions motions are expected from cosmolog-
ical simulations (Sunyaev et al. 2003; Inogamov & Sunyaev 2003)
and will drive turbulence within the ICM (Bryan & Norman 1998;
Rasia et al. 2004; Dolag et al. 2005; Vazza et al. 2006, 2009, 2011;
Iapichino & Niemeyer 2008; Paul et al. 2011). Additionally, it has
been also shown that gravitational perturbations alone (as expected
within the cosmological environment of clusters) can by them self
already induce significant motions within the core of clusters (e.g.
Ascasibar & Markevitch 2006; Roediger et al. 2011; ZuHone et al.
2010). Therefore kinematic effect is expected to strongly vary be-
tween different regions of the cluster. However, using non radia-
tive, cosmological simulations, Nagai et al. (2003) concluded that
the effect of these ICM motions in galaxy clusters is rather mild,
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Figure 2. Histogram of the peculiar motion of galaxy clusters from the large cosmological box WMAP5 / 1200. Shown in the left panel are the histograms for
clusters above 1014, 2× 1014, 4× 1014, 6× 1014, 8× 1014 and 1015 M⊙/h whereas the right panel shows the histograms for clusters above 1014 M⊙/h
for at redshift z = 2, z = 1.5, z = 1, z = 0.5 and z = 0. Dashed vertical line marks the median velocity for which values are also quoted in the legends of
the panels. The dashed line following the histograms is the best fit Maxwell distribution, whereas the vertical dotted line marks the standard deviation σv , for
which values are also quoted in the legends of the panels.
adding only 50-100 km/s scatter to the observed kSZ signal. Using
clusters extracted from a cosmological simulation which includes
the effect of cooling and star-formation, Diaferio et al. (2005) find
a 10% to 20% effect of the internal motion on the measured pecu-
liar velocity. Additional, they found that the bias between the mass
weighted temperature within the cluster and the X-ray measured
temperature can increase this error significantly.
Using numerical simulations of very large cosmological vol-
ume, hosting a large number of rich clusters of galaxies we will
study the systematic difference between mass averaged velocities
of dark matter and the ICM inside galaxy clusters. Therefor we will
use both, dark matter only simulations as well as simulations which
are including baryons and their associated physical processes (like
cooling and star-formation) to study their influence on the internal
dynamics of galaxy clusters. We will thereby demonstrate in detail
that this relative velocity between the observational signal of the
hot ICM and the dark matter within massive clusters of galaxies is
significantly larger than inferred previously and can introduce an
approximately 30% systematic error to the peculiar velocity deter-
mination of massive systems.
We will discuss several independent ways to measure this rel-
ative velocity using X-ray instruments with micro-calorimeters as
well as observations of the imprint of the ICM onto the CMB at
radio wavelength, with both should soon become powerful instru-
ments to measurements of the bulk motions and turbulence inside
clusters of galaxies.
The paper is structured as follows: Section 2 describes the hy-
drodynamic simulations used in this paper. Section 3 and 4 gener-
ally summarize the peculiar velocity of galaxy clusters, the influ-
ence of baryons and how it is traced by by different constituents of
the cluster. Section 5 the discusses large scale bulk motions which
are present within clusters and how they differ in respect to the pe-
culiar velocity of the whole cluster. In Section 6 we demonstrate
the relative importance of these bulk motions to the observational
available signal, where especially in sub-chapter 6.2 we discuss the
different distributions of the bulk velocities of dark matter, intra
cluster gas and light, and galaxies within spherical sub-shells at
different cluster centric distances as present in massive clusters. In
section 7 we show the application to the pairwise velocity signal
before we summarize our findings in section 8.
2 SIMULATIONS
The results presented in this paper have been obtained using three
different simulations capturing a wide range in mass and resolution.
The largest simulations WMAP5 / 1200 captures a large enough
volume to allow highly significant statistic of peculiar motions
of clusters and super clusters and also allows to explore massive
clusters at redshift ranges above z=1. In the medium simulation
WMAP3 / 300 , clusters are resolved enough to allow to study the
systematic differences in the peculiar motion of the whole clus-
ters and bulk motions of different parts of the embedded ICM.
In the highest resolution simulation LCDM / 160 gas physics and
star-formation is resolved enough to allow a de-composition of
the stellar component and to distinguish the motion of dark mat-
ter in respect to the stars within the central cD, the stars within
individual galaxies as well as the stars within the so called in-
tra cluster light component. Figure 1 gives a visual impression
of the different simulations. Shown are the positions of all clus-
ters above a mass of 1014M⊙/h within the individual simula-
tions. If not mentioned otherwise, the simulations where performed
with the GADGET-3 code (Springel et al. 2001; Springel 2005),
which makes use of the entropy-conserving formulation of SPH
(Springel & Hernquist 2002). These hydrodynamical simulations
include radiative cooling, heating by a uniform redshift–dependent
UV background (Haardt & Madau 1996), and a treatment of star
formation and feedback processes. The latter is based on a sub-
resolution model for the multiphase structure of the interstellar
medium (Springel & Hernquist 2003) with parameters which have
been fixed to get a wind velocity of ≈ 350 km/s.
2.1 LCDM / 160
The highest resolution simulation used reuses the final output of
a cosmological hydrodynamical simulation of the local universe.
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Our initial conditions are similar to those adopted by Mathis et al.
(2002) in their study (based on a pure N-body simulation) of struc-
ture formation in the local universe. The galaxy distribution in the
IRAS 1.2-Jy galaxy survey is first Gaussian smoothed on a scale of
7 Mpc and then linearly evolved back in time up to z = 50 follow-
ing the method proposed by Kolatt et al. (1996). The resulting field
is then used as a Gaussian constraint (Hoffman & Ribak 1991) for
an otherwise random realization of a flat ΛCDM model, for which
we assume a present matter density parameter Ω0m = 0.3, a Hub-
ble constant H0 = 70 km/s/Mpc and a r.m.s. density fluctuation
σ8 = 0.9. The volume that is constrained by the observational data
covers a sphere of radius ∼ 80 Mpc/h, centered on the Milky Way.
This region is sampled with more than 50 million high-resolution
dark matter particles and is embedded in a periodic box of ∼ 240
Mpc/h on a side. The region outside the constrained volume is filled
with nearly 7 million low-resolution dark matter particles, allowing
a good coverage of long-range gravitational tidal forces.
Unlike in the original simulation made by Mathis et al. (2002),
where only the dark matter component is present, here we followed
also the gas and stellar component. For this reason we extended
the initial conditions by splitting the original high-resolution dark
matter particles into gas and dark matter particles having masses
of mgas ≈ 0.48 × 109 M⊙/h and mdm ≈ 3.1 × 109 M⊙/h,
respectively; this corresponds to a cosmological baryon fraction of
13 per cent. The total number of particles within the simulation is
then slightly more than 108 million and the most massive clusters
is resolved by almost one million particles. The gravitational force
resolution (i.e. the comoving softening length) of the simulation has
been fixed to be 7 kpc/h (Plummer-equivalent), fixed in physical
units from z=0 to z=5 and then kept fixed in comoving units at
higher redshift.
In addition, this simulation follows the pattern of metal
production from the past history of cosmic star formation
(Tornatore et al. 2004, 2007). This is done by computing the con-
tributions from both Type-II and Type-Ia supernovae and energy
feedback and metals are released gradually in time, accordingly to
the appropriate lifetimes of the different stellar populations. This
treatment also includes, in a self-consistent way, the dependence
of the gas cooling on the local metalicity. The feedback scheme
assumes a Salpeter IMF (Salpeter 1955), and its parameters have
been fixed to get a wind velocity of ≈ 480 km/s.
More detailed information regarding this simulation and the
technique to distinguish between the satellite galaxies, the cD and
the ICL component can be found in Dolag et al. 2010.
2.2 WMAP3 / 300
As medium size cosmological simulation we used a cosmological
box of size (300Mpc/h)3, resolved with (768)3 dark matter parti-
cles with a mass ofmdm ≈ 3.7×109M⊙h−1 and the same amount
of gas particles, having a mass of mgas ≈ 7.3×108M⊙ h−1. Here
we use the concordance ΛCDM model, adapted to the WMAP3
values (Spergel et al. 2007), which assumes a matter density of
Ω0m = 0.268, a baryon density of Ω0b = 0.044, a Hubble param-
eter h = 0.704, a power spectrum normalization of σ8 = 0.776
and a spectral index of ns = 0.947. More information on this sim-
ulation can be found in De Boni et al. (2011, 2012) and Fedeli et al.
(2012).
Figure 3. Dependence of the cluster peculiar motion on the large scale en-
vironment. Shown are the peculiar motions of all clusters above 2 × 1014
M⊙/h at z=0 from the large cosmological box WMAP5 / 1200 as function
of the local over-density within 20 Mpc around each cluster. Clear to see
that the median peculiar velocity (red diamonds, solid line) and similarly
the best fit standard deviation σv (blue diamonds, dashed line) rises by a
factor of two between low density and high density environments.
2.3 WMAP5 / 1200
As large cosmological simulations we considered a box of (1200
Mpc/h)3, resolved with 9603 dark matter particles with a mass of
mdm ≈ 1.2 × 10
11h−1M⊙ and the same amount of gas particles,
having a mass of mgas ≈ 2.4 × 1010h−1M⊙. The gravitational
force has a Plummer-equivalent softening length of ǫl = 25h−1
kpc. This simulations assumes a ‘concordance’ ΛCDM model,
where we fix the relevant parameters consistently with those de-
rived from the analysis of the WMAP 5-year data (Komatsu et al.
2009): Ωm0 = 0.26 for the matter density parameter, ΩΛ0 = 0.74
for the Λ contribution to the density parameter, h = 0.72 for the
Hubble parameter (in units of 100 km s−1 Mpc−1). The initial
power spectrum has a spectral index n = 0.96 and is normalized in
such a way that σ8 = 0.8. More information on this simulation can
be found in Grossi et al. (2009); Reid et al. (2010); Roncarelli et al.
(2010), where the dark matter only counterpart of these simulations
was used.
2.4 Post processing
We are using SUBFIND (Springel et al. 2001; Dolag et al. 2009,
2010) to define halo and sub-halo properties. SUBFIND thereby
identifies substructures as locally overdense, gravitationally bound
groups of particles. Starting with a halo identified through the
Friends-of-Friends algorithm, a local density is estimated for each
particle with adaptive kernel estimation using a prescribed num-
ber of smoothing neighbours. Starting from isolated density peaks,
additional particles are added in sequence of decreasing density.
Whenever a saddle point in the global density field is reached that
connects two disjoint overdense regions, the smaller structure is
treated as a substructure candidate, followed by merging the two
regions. All substructure candidates are subjected to an iterative
unbinding procedure with a tree-based calculation of the potential.
The SUBFIND algorithm is discussed in full in (Springel et al.
2001) and its extension to dissipative hydrodynamical simulations
c© 0000 RAS, MNRAS 000, 1–??
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Figure 4. Distribution of the peculiar velocities of the clusters from figure 3 as function of the environmental over-density (solid lines) and the best fit to a
Maxwell distribution (dashed lines).
that include star formation in Dolag et al. (2009). Based on a dif-
ferences in the dynamics, the unbinding procedure for the central
galaxy of each halo can be modified, which leads to a spatial sepa-
ration of the two, dynamically well separated components into a cD
and a diffuse stellar component (DSC). For details see Dolag et al.
(2010).
The Mass and Radius of our clusters will refer to a spherical
over-density according to a density contrast of 200 with respect to
the mean density, which we associate with the viral properties. Syn-
thetic maps of observables are produced using SMAC (Dolag et al.
2005). If not stated differently, we will call peculiar velocity the
mean (and mass weighted among all constituents) velocity of a
halo, averaged within the virial radius while we will generally refer
to bulk motions if we speak about motions of certain components
averaged over sub-regions within the cluster.
3 CLUSTER PECULIAR MOTIONS
The distribution of the overall peculiar motions of galaxy clusters
reflect the large scale velocity field, which still probes the linear
regime of structure formation. Therefore they are expected to fol-
low a Maxwell distribution (Bahcall et al. 1994). In this section we
discuss the cluster peculiar motion as extracted from the large, cos-
mological simulation (WMAP5 / 1200).
3.1 Mass and redshift dependence
For the current (low mass density) cosmology the typical (e.g. me-
dian) cluster peculiar motion is expected to of order of 400 km/s
(Bahcall et al. 1994). Figure 2, shows the distribution of cluster
peculiar velocities for different cut in cluster mass as well as for
different redshifts. Independently on the actual cluster mass, or the
redshift, the median peculiar velocities is≈ 410 km/s. They mainly
follow an Maxwell distribution,
P (vpec) = A0v
2
pecexp
(
−v2pec
2σ2v
)
(3)
as expected (Bahcall et al. 1994), but with an excess at higher
velocities (see next sub-section for a discussion of the origin of
that excess). For a perfect, Maxwell distribution, the mean ve-
locity 〈vpec〉 is related to the standard deviation σv by 〈vpec〉 =√
8/πσv , which in this case gives a typical standard deviation of
σv ≈ 250 km/s.
3.2 Environment dependence of peculiar motions
To explain the origin of the excess of larger peculiar velocities we
investigated the peculiar motion of the clusters as extracted from
the large, cosmological simulation (WMAP5 / 1200) as function
of the local over-density. Therefore, we selected all clusters above
a mass limit of 2 × 1014 M⊙/h at z=0 and calculated the over-
density of matter within a 20 Mpc sphere around each cluster. Fig-
ure 3 shows the distribution of the peculiar velocities as function of
this large-scale over-density. Clear to see is the trend to have larger
peculiar motions of clusters in higher density region, which boost
the median cluster peculiar velocity by almost a factor of two in the
high density regions. We also calculated the velocity distribution
by binning the clusters by the over-density of the environment. In
this case, the individual distributions follow very closely a Maxwell
distribution without any excess at large velocities, as shown in fig-
ure 4, where the velocity distribution and the best fit Maxwell dis-
tribution are shown for the individual over-density bins. The best
fit value for the standard deviation σv (blue diamonds in figure 3)
follows a functional form of
σv(δ20Mpc) = 185km/s× exp (δ20Mpc/10) (4)
which is shown as dashed line in figure 3. The mean peculiar ve-
locity follow (as expected) exactly the same trend but multiplied by√
8/π as shown by the red diamonds and the solid line in figure 3.
c© 0000 RAS, MNRAS 000, 1–??
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Figure 5. Dependence of the relative motions of clusters pairs on their dis-
tance. Shown are the all clusters above 2 × 1014 M⊙/h at z=0 from the
large cosmological box WMAP5 / 1200. Crosses (black) are approaching
systems, stars (blue) are systems which move away from each other. Clear
to see that cluster pairs have an strong excess in their pairwise velocity com-
pared to typical peculiar motions with even stronger signal for close pairs.
Diamonds (red) are the median, pairwise velocity and the best power-law
fit (line).
The velocity difference of close pairs of galaxy clusters can
also be used to boost the measurement of cluster peculiar motions
(Diaferio et al. 2000). Figure 5 shows how the velocity difference
between cluster pairs is boosted due to the merging process of large
scale structure. Here, the distance d is measured in units of the sum
of the virial radii of the two clusters, meaning that d = 1 on the x-
axis means that the virial radii of the two clusters touch each other.
It is worth to mention that only at larger distances (e.g. d > 3)
we find systems which actually move away from each other (blue
stars) in figure 5, whereas close by systems always approach each
other. This means that (as expected), violent relaxation for clusters
is effective enough to do not allow a merging system to completely
detach again (e.g. d > 1). Of course, within the virial radius the
merging process can produce gas rich sub-structures which might
move in opposite directions, as observed in systems like the bul-
let cluster (Markevitch et al. 2004). The median velocity here can
easily exceed 1000 km/s (red diamonds in figure 5) and therefore
is 2.5 times larger than the median peculiar velocity of individual
clusters. The solid line marks the simple functional form of
〈v(d)〉 = 270km/s + 1000km/s× d−1 (5)
shown a solid (red) line in figure 5.
4 THE INFLUENCE OF BARYONS
In this section we want to discuss the effect of baryonic material on
the overall peculiar motions of galaxy clusters and especially the
peculiar motions traced by the different components within galaxy
clusters like dark matter, ICM and stars. As already mentioned, the
distribution of the overall peculiar motions of galaxy clusters reflect
the large scale velocity field, which still probes the linear regime
of structure formation and therefore we do not expect the peculiar
velocities to be effected by the presence of the baryonic component.
This is demonstrated in detail in the Appendix A1, figure A1.
Figure 6. Histogram of the peculiar motion of galaxy clusters from the
medium size cosmological box WMAP3 / 300 at z = 0. Shown are the
histograms for clusters above 1014 M⊙/h for the dark matter (black line),
ICM (blue line) and galaxy component (red line for mass weighted, light
blue line for number weighed).
Although the cluster peculiar velocities (recap that those is
the mass weighted mean over all constituents of the cluster) does
not change significantly when baryonic physics is included it is
interesting to see, if the mean velocity of the different individual
constituents within the cluster differs. As we continue to look at
mean values within the virial radius, we will still call them peculiar
velocities. As we also want to include sub-structure, representing
galaxies, we will switch here to the medium size cosmological box
(WMAP3 / 300) as here we have good enough resolution to resolve
at least 10 member galaxies in a 1014 M⊙/h halo and several hun-
dred of member galaxies in the most massive systems. Figure 6
shows the peculiar velocity distribution as traced by the different
components. There is not much difference between the distribution
(and the median values) of the peculiar motion measured by the
dark matter and the ICM component within the cluster. The ICM
velocity match almost the peculiar velocity (within 1%). However,
the peculiar velocity traced by the galaxies is slightly biased high
(ca. 5%) when using the mass weighted mean and strongly biased
(ca. 12%) when one calculate the peculiar velocity as the pure mean
of the velocity of all galaxies. Obviously, when weighting the ve-
locities of the individual galaxies by their (stellar) mass gives the
central galaxy (which in this case additional inherits a large stellar
component in form of the diffuse stellar component) a very large
weight.
5 RELATIVE ICM BULK MOTION
While Diego et al. (2003) speculated from observation of cold
fronts in galaxy clusters, that the baryonic motion (e.g. sloshing)
inside of galaxy clusters could significantly affect the kSZ mea-
surements, Nagai et al. (2003) used non radiative simulations to
conclude that the effect of the ICM motions in galaxy clusters is
rather mild, adding only 50-100 km/s scatter to the observed kSZ
signal. Here we want to re-examine the amount of sloshing using up
to date cosmological simulations which include the effect of cool-
ing and star-formation extending previous studies by Diaferio et al.
(2005) to more massive systems present in our simulations.
c© 0000 RAS, MNRAS 000, 1–??
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3D velocity of the ICM 3D velocity of the DM
DMICM
WMAP3 / 300 WMAP3 / 300
WMAP5 / 1200 WMAP5 / 1200
LCDM / 160 LCDM / 160
Figure 7. Visualization of velocity field the 3 different simulations using the the ray–tracing software SPLOTCH. Left side shows the ICM component, right
side shows the dark matter component. The color composition reflect the three dimensional velocity field (see text for details), whereas the intensity reflects
the density.
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8 K. Dolag, R. Sunyaev
angle
Figure 8. Shown are the different velocities of the different components within a halo. Left panel shows the velocity vectors of the ICM core compared to
the mean velocity of the whole halo. Right panel shows the distribution of the angle between the velocity of the ICM component compared to the total halo
measured within different regions.
To give an impression of the cosmological velocity field re-
flected by the different components in our simulations we used
the SPLOTCH package (Dolag et al. 2008), a Ray–tracing visual-
ization tool for SPH simulations. Instead of mapping a scalar value
to a color table, we mapped the three velocity components directly
into the RGB colors. To obtain a logarithmic like scaling but pre-
serve the sign of the individual velocity components we used a
mapping based on the inverse of the hyperbolic sin function, e.g.
〈r, g, b〉 ∝ asinh(vx,y,z). For the DM particles we calculated a
smoothed density field based on all DM particles using a SPH like
kernel function. The resulting Ray–tracing images, are shown in
Figure 7. The left column shows the result for the ICM component,
whereas the right column shows the dark matter component. Clear
to see that the large scale velocity field is equally represented in the
dark matter as well as ICM component, as expected. However, if
one zoom into a galaxy cluster, there are striking differences in the
velocity field of the two components. On one hand, within the dark
matter there are more substructures (e.g. galaxies) which have in-
dividual velocities. On the other hand, and more importantly, there
are quite striking, large scale velocity structures within the ICM
visible, which are not reflected in the dark matter.
This is expected from the observations of ICM sloshing within
the cluster potential, where velocities of up to 1000 km/s are in-
ferred. Such velocities are quite comparable with the sloshing ve-
locities predicted by our simulations, as will be discussed in detail
in section 5.2.
5.1 Relative motions in the core
As a first step, we can divide the cluster into two parts, namely
everything within the viral radius Rvir and the core (which for sim-
plicity we define simple as the region within 0.1 × Rvir) where
we will subscribe the quantities calculated within regions with vir
and core respectively. For those two regions, we then can define
the mass weighed mean velocity of all constituents or the mass
weighed velocity of the baryonic component, which we will sub-
scribe with total and ICM respectively. Therefore vtotalvir correspond
to the peculiar velocity of the halo, whereas vICMcore correspond more
to the bulk of the signal expected from measurements.
Figure 8 shows the difference of those velocities for the
medium size cosmological box (WMAP3 / 300). The left panel
show the position and velocity vectors for the 50 most massive clus-
ters. Shown is the peculiar velocity (black lines) compared to the
bulk of the signal expected from measurements as represented by
vICMcore (blue lines). Clear to see that amplitude (e.g. length of the
lines, the corresponding amplitude is given in the legend in the up-
per right part of the plot) as well as direction are not the same and
in the majority of the cases the velocity of the ICM in the center
is larger than the peculiar velocity of the cluster. In some cases the
direction can bee even completely opposite. The right panel shows
a more quantitative result by showing the distribution of the length
(main plot) as well as the angle (inlay) between the different veloc-
ities for all clusters above a mass limit of 1014 M⊙/h. The tightest
correlation (e.g. largest peak at small angles) is found when com-
paring vICMvir with vtotalvir indicating that the overall mass weighted
velocity of the ICM within the virial radius is typically within 50
km/s and 5 degrees of the peculiar velocity (black histogram). The
difference between the motion of the total mass within the core and
the ICM within the core (e.g. angle between vICMcore and vtotalcore ) is
found to be typically different by less then 100 km/s and 20 degrees
(red line). The ICM velocity of the core typically is only weakly
related to the peculiar velocity, typically 100 km/s but with a very
pronounced tail to much larger values and the angle between vICMcore
and vtotalvir encompasses typically 30 degree (blue line). The differ-
ence between the relative ICM motion inside the core and in respect
to the peculiar velocity and the peculiar velocity itself is completely
uncorrelated, as can be seen from the flat distribution of the angle
(green line).
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Figure 9. Radial profile (cumulative) of the velocity difference between the
ICM and the dm component. Shown are every tenth profiles from all clusters
above 1014 M⊙/h taken from the medium size cosmological box WMAP3
/ 300 at z = 0. The profiles of the 8 most massive clusters in the simulation
are shown as extra, color coded lines. The data points are inferred motions
of the core as imprinted in cold fronts in observed clusters. The right inlay
shows the median and the 25/75 percentile when scaling the velocities of
the individual clusters by the virial velocity dispersion calculated from their
virial mass. For the typical mass fraction (relative to the total mass) of the
different components as function of cluster centric distance see figure 12.
We conclude that overall statistically the bulk motion of the
ICM (within the virial radius) is very similar than that one of the
dark matter (see figure 6), however there is a significant relative
motion of the ICM in respect to the dark matter in nearly every
cluster, which is more pronounced within the core radius of the
cluster than in the outskirts. Here we want to remind that the X-
ray line emissivities are proportional to the square of the electron
density and to the abundance of iron. Therefore the central part
of the cluster will contribute to the bulk of the total line emission
signal. On the other hand, kSZ measurements are proportional to
the column density of electrons and therefore contains a significant
contribution from the gas in the periphery of clusters.
5.2 Radial profiles of relative motions
To quantify the effect of the ICM sloshing inside the cluster po-
tential as expected from cosmological simulations more quantita-
tively, we compute the profiles of the velocity difference between
the ICM and the dark matter within a given radius for all clusters
more massive than 1014 M⊙/h from the medium size cosmologi-
cal box WMAP3 / 300. The individual profiles are shown in the left
panel of figure 9. Clear to see that such velocity difference at dis-
tance of the core radius is typically of order of 100 km/s with many
systems reaching velocity differences of several hundreds of km/s,
the most extreme ones even more than 1000 km/s. This sloshing can
be compared with the velocities inferred from the observations of
cold fronts in real clusters. As comparison, we over-plot the values
for 4 known systems taken from Markevitch & Vikhlinin (2007)
and references therein. These data points should (and actually do
quite well) mark the extreme velocity differences to be expected
in the simulated clusters and therefore the sloshing of the ICM in
the cores of our simulated clusters is found to fairly represent the
amount of sloshing found in observed systems.
Figure 10. Radial profile of kSZ for the 8 most massive halos, (x,y,z) pro-
jection each. Clear to see that the weighting by density gives very large
weight to the contribution by the velocity within the core region, where the
difference between the local motion of the ICM and the bulk motion of the
cluster usually is largest. Color of the lines is the same as in figure 9.
The amount of sloshing is expected to be related to the depth
of the potential well of the cluster and indeed, when scaling the
velocity with a value of the virial velocity dispersion
σv =
√
GMvir
3Rvir
(6)
expected for the different clusters according to their virial mass, the
scatter in the individual profiles is strongly reduced. The inlay panel
of figure 9 shows the median and the 25/75 percentile of the scaled
profiles. We therefore find that the cores of the simulated galaxy
clusters typically are sloshing with approximately 18% of the virial
velocity dispersion, indicating that for very massive clusters this
signal significantly contributes to the measurement of the pecu-
liar velocity, typically 30% for systems with masses above 1015
M⊙/h. This contribution drops to less than 10% for systems with
masses around 1014 M⊙/h. Therefore stacking many small sys-
tems as done in Hand et al. (2012) indeed might be a good choice
to minimize the bias induced by the relative ICM motions within
the clusters and groups.
6 IMPACT ON OBSERVATIONS
It is outside the scope of this paper to include realistic observational
effects through mimicking instruments or background. However, in
this section we want to evaluate the principal limits up to which
accuracy we can infer the peculiar velocity of clusters from observ-
ables, given the complex thermal and dynamical structure within
galaxy clusters. We also want to evaluate this in the light of dif-
ferent observables, which intrinsically weight the radially varying
signal differently. Especially we want to investigate the influence
of the radial dependent relative motion of the ICM in respect to
the dark mater halo when measuring the ICM motion via kSZ ef-
fect or by measuring the shift of the iron line with detailed X-ray
spectroscopy.
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Figure 11. Difference between the peculiar velocity along the line of sight and the velocity inferred from different observables. Left panel shows a one-by-one
scatter plot of all halos using the x,y and z projection of each halo. Different symbols refer to different aperture sizes (crosses = core, stars = 0.3 × Rvir,
diamonds are within Rvir). Different colors refer to X-ray (red), kSZ including X-ray temperature bias (blue) and ideal kSZ measurements (black). The middle
panel shows the bias in form of the RMS of the velocity difference as function of the mass of the cluster and the right panel shows the bias in form of the
velocity difference.
6.1 Spacial distribution of the observable signal
To give an impression of the actual spacial distribution of the sig-
nal we discuss the appearance of the different observables in the
Appendix B1, where Figure A2 a visualize the maps of different
observable. To show, how far out from the cluster center the the
internal motions affect the kinematic signal, Figure 10 shows the
radially averaged, cumulative profile of the kinetic SZ effect. The
different colors are the 8 different clusters, whereas the 3 different
lines for each cluster are for three different projection directions of
these four clusters. Clear to see that the internal motions are signif-
icantly influencing the kinematic signal up to a radius of between
0.3 and 0.5 times Rvir.
6.2 The observed bulk velocity
To infer the mean bulk motion of the ICM from the kinetic SZ
signal, one has to assume, that the observed kinetic SZ signal, inte-
grated over a certain aperture A
〈w〉
A
=
∫
A
σt
c
∫
nevrdl ≈
∫
A
σt 〈vr〉
c
∫
nedl (7)
can be interpreted as the the signal of the mean (radial) velocity
〈vr〉 if the ICM, weighted with the mean surface mass density. The
later can be obtained from the integrated thermal SZ signal within
the same aperture
〈y〉
A
=
∫
A
kσT
mec2
∫
neTdl ≈
∫
A
kσT 〈T 〉
mec2
∫
nedl (8)
with the Boltzmann constant k, the Thomson cross-section σT , the
speed of light c, the mass of the electron me and the temperature
and density of the ICM T and ne. Assuming that one can infer 〈T 〉
from X-ray observations, one can combine these two measurements
to obtain the mean velocity 〈vr〉 within the aperture A.
The aperture A here can either be the beam in case the clus-
ter could be resolved by the observations or the area of the cluster
itself in case it is not resolved. In general, this means that the ob-
served velocity 〈vr〉 within the aperture A therefore differ from
the mean, mass weighted velocity by the difference between the
mass weighted temperature (from 〈y〉
A
) and the temperature in-
ferred from X-ray observations. For a more detailed discussion
see Diaferio et al. (2005). The relation of these two temperatures
is not trivial, as the X-ray temperature is weighted by the emis-
sion measure and comes from a fit of an emission spectra usu-
ally assuming a single temperature. For the complex temperature
structure of galaxy clusters this can induce a significant bias (see
Mathiesen & Evrard 2001; Mazzotta et al. 2004; Vikhlinin 2006)
This bias has to be either corrected using simulations, or can
be minimized by using spacial resolved X-ray temperature maps
(which still leaves the multi temperature structure along the line
of sight) but allows to re-construct the 3D temperature profile us-
ing iterative reconstruction methods (see Ameglio et al. 2007, and
references therein)
Alternatively one can also use multi-temperature model (see
Kaastra et al. 2004; Biffi et al. 2012) to obtain the temperature dis-
tribution of the ICM. For our purpose, we will investigate two ex-
treme cases. In the most optimistic case, we assume that this bias
can be eliminated completely and we take the mass weighted mean
velocity along the line of sight (labeled as ICM in figure 11) within
the aperture A. In the most pessimistic case, we include the temper-
ature bias as inferred from the simulation (labeled as kSZ in figure
11).
In case the mean ICM velocity is inferred from X-ray spectro-
scopic measurements (labeled as X-ray in figure 11), the observed
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velocity correspond to the mean, emission weighted ICM velocity,
which due to the steep radial emission profile is biased towards the
mean velocity within the cluster core.
As the SZ measurements are not dependence on the distance,
we use the extend of the simulation (e.g. 300 Mpc/h) along the line
of sight when measuring quantities within the aperture A. As the X-
ray signal is redshift and distance dependent, we use only the local
signal of the cluster when calculating the temperature bias and the
emission weighted mean velocity within the same aperture A. We
restrict ourselves to explore 3 different apertures, namely the core
(corresponding to 0.1 × Rvir), a region spanning 0.3 × Rvir and
the region encompassing the virial radius.
In the left panel of figure 11 we show a point by point compari-
son of the difference of the observed velocity along the line of sight
and the peculiar velocity along the line of sight for all 9 combina-
tions of measurements and apertures. The middle panel of figure
11 shows the root mean square (RMS) scatter between the differ-
ent observed velocities and the peculiar velocity of the cluster and
the right panel shows the mean between the different observed ve-
locities and the peculiar velocity. Clear to see that the X-ray based
methods have larger scatter, as they emphasize the relative motions
of the ICM within the cores. Here it is also clearly visible, that go-
ing to larger masses increases the difference, because more massive
systems show stronger sloshing motions as shown earlier. This ef-
fect dominates all measurements which depend on small, central
apertures. However, larger apertures show an opposite effect when
going to larger clusters. This is because within a more massive clus-
ters, the larger volume probed along the line of sight overcomes the
increased bias within the central region.
We also note that the knowledge of the true temperature of the
system is quite important. Any bias in the measured temperature
leads to a bias in the inferred kSZ signal, as can be clearly be seen
for the blue points in the left panel of figure 11, where we assumed
the typical temperature bias as inferred from simulations. Note also
that especially in the systems with the largest velocity, the distribu-
tion of the individual points clearly shows deviations from a linear
relation which indicates that in these cases calibrating a simple bias
is not enough to recover the real signal.
6.3 Stars as proxies for the bulk motions of clusters
Finally we investigate alternatively to use the collissionless com-
ponents of the baryonic content of clusters as probe of the peculiar
motion of the system. To do so, we are using the highest resolu-
tions simulation in our set. This allows us to study in detail the
stellar component of the simulations. Thereby, the larger, underly-
ing resolution of this simulation allows us – after subtracting all
member galaxies – to use the velocity distribution of the remaining
stars to characterize two, dynamically well-distinct stellar compo-
nents within the simulated galaxy clusters. These differences in the
dynamics is then used to apply an unbinding procedure similar than
applied when identifying the member galaxies and lead to a spatial
separation of the two components into stars belonging to the cen-
tral galaxy and stars belonging to the diffuse stellar component (see
Dolag et al. 2010, for details). This then can be used to investigate
if, and in case which, stellar component might be the best proxy to
measure the real peculiar motion of the cluster.
Although in this simulation, the most massive galaxy cluster
is resolved with nearly one million particles, we will present the re-
sults when averaging over the 24 most massive clusters within the
LCDM / 160 simulation, as the radial profiles obtained from from
individual clusters turn out to be still too noisy. The different stel-
Figure 12. Mass fraction of the different components of the clusters. Shown
is the average over the 24 most massive clusters in the high resolution,
LCDM / 160 simulation. Here SUB devotes all material within identified
sub structures (excluding the main halo which also includes cD and ICL).
GAL devotes all stellar components of sub structures (but including the cD).
lar components have different radial distributions and reflect differ-
ent amount of the baryonic component of galaxy clusters. Figure
12 shows the relative mass fraction of the different components as
function of radius. In the very center part, the stars from the central
galaxy (cD) are dominating, outside of that region the dark matter
(DM) is dominating by far. The ICM does not play an important
role within the core and has a roughly constant fraction outside of
it. In the very outer part, the total mass associated to the satellite
galaxies (SUB) dominates, whereas the contribution of the stellar
mass of the sub-structures (GAL) as well as the diffuse stellar com-
ponent (ICL) fall radially faster of than the dark matter.
Finally, figure 13 shows how these different components trace
the underlying peculiar motion of the cluster as a whole. We again
show the result averaged over the 24 most massive clusters from
the LCDM / 160 simulation, where we normalized the velocity dif-
ferences of the individual clusters by their virial velocity dispersion
obtained from equation (6) before averaging, in the same spirit than
done in the right panel of figure 9. In the central region, the rela-
tive motion of the dark matter component is slightly less than that
one of the ICM component (around 25% and 30% of the virial ve-
locity dispersion, respectively) but rapidly approaches the peculiar
velocity of the halo with only a very small remaining bias at large
distances, originating from the small, mass weighed contribution
of the baryonic component. The best tracer of the peculiar motion
of the cluster close to the center seems to be the stellar component
of the central galaxy, which shows the smallest relative velocity
(ca. 20% of the virial velocity dispersion). As already noted earlier,
the mean velocity of the galaxies is a quite bad tracer of the pecu-
liar motion of the cluster, especially when going to the outer parts
where more and more galaxies are contributing and the weight of
the central galaxy decreases. There the relative motion reaches up
to 35% of the virial velocity dispersion. The diffuse stellar com-
ponent performs here much better (having only a relative motion
of roughly 20% of the virial velocity dispersion). This is still sig-
nificantly larger that the residual motions of the ICM at this large
distances and it remains to be investigated if that remaining signal
is dominated from the outer parts of the otherwise separately iden-
tified galaxies, which then might be associated to the diffuse com-
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Figure 13. Profiles (cumulative) of the relative motion of different compo-
nents with respect to the underlying peculiar motion of the cluster. Shown
is the again average over the 24 most massive clusters in the LCDM / 160
simulation. Components are the same than in figure 12. The error bars left
and right to the curves show the 25/75 percentiles typical at small (left) and
large (right) radii.
ponent or if the velocity difference is driven by remaining streams
of already destroyed galaxies. It has also to be stressed that the
dispersion among the 24 individual is quite substantial, as can be
seen from the exemplary error bars displayed at small and large
radii. Here we conclude that although having a large offset, the stel-
lar component of the central galaxy would give relatively the best
proxy of the overall peculiar velocity of the cluster at small, cluster
centric distances, whereas at large distance the ICM measured by
the kinetic SZ effect will be still the best indicator.
7 APPLICATION TO PAIRWISE VELOCITY MEASURES
To verify the findings presented in (Hand et al. 2012) we where
using SMAC (Dolag et al. 2005) to produced full sky maps from
the simulations. Here we stack the simulation of the local universe
(LCDM/160) into the large, cosmological box (WMAP5/1200). We
constructed the full sky maps stacking consecutive shells through
the cosmological boxes taken at the evolution time corresponding
to the distance. Without replicating the box we thereby reached a
maximum distance of z = 0.16. The according maps for the ther-
mal and kinetic SZ effect are displayed in figure 14, which shows
exemplary the last shell taken from the WMAP5/1200 simulations.
The maps are based on a HEALPIx representation of the full sky
(Go´rski et al. 1998) using a resolution of nside = 2048 which
leads to a pixel size roughly corresponding to the binning radius of
the maps of the individual groups and clusters used in Hand et al.
(2012).
We then identified all galaxies (e.g. sub-halos) in the simula-
tions. Applying a cut in the maximum circular velocity (vmax) we
selected the most massive galaxies, which represent the center of
groups and clusters. Analog to Hand et al. (2012), from the three
dimensional position of these galaxies, ri we define the pairwise
signal as
pkSZ(r) = −
∑
i<j
(Ti − Tj)cij∑
i<j
c2ij
(9)
Figure 15. Pairwise signal for different cuts in maximum circular veloc-
ity (e.g. Mass) of galaxies from the simulations using the kinetic SZ map
directly produced from the hydrodynamical simulations (solid lines) com-
pared with the observational data points taken from Hand et al. (2012). The
dotted lines shows the estimated signal when using the combination of ther-
mal SZ, temperature and bulk velocity of the halo. The dashed line shows
the same but calibrates the optical depth to match the signal when using all
halos. The inlay shows a zoom into the range where the observational signal
is detected.
whereas Ti and Tj are the pixel values of the full sky map towards
the position of galaxies i and j, respectively, and cij is constructed
from the three dimensional positions ri and rj according to
cij = rij
˙ri + rj
2
. (10)
Figure 15 shows the result from this procedure compared to
the observational data points. When restricting to more massive
systems, the signal is, as expected, much stronger and extend to
much larger distances. However, the results obtained from the hy-
drodynamical simulations are in good agreement with the signal
seen in the observations. The Luminosity cut applied to the obser-
vations should correspond to a limiting halo mass in the sample of
M200c ≈ 4.1 × 10
13M⊙ (Hand et al. 2012), which corresponds
roughly to a maximum, circular velocity of the simulated halos of
≈ 500km/s. Note that the theoretical curves are based on the real,
three dimensional position of the clusters/groups and the calcula-
tion does not include observational effects like the contribution of
the peculiar velocity of the individual clusters/group to their dis-
tance estimate or the averaging of the signal at small scales due to
the beam. Especially at the smallest bins it can be expected that this
would lead to a change of the signal.
We also produced a mass weighed temperature map which
then can be used when combining equation (5) and (6) to get an
estimated kinetic SZ signal base on the halo bulk velocity and the
thermal SZ signal
〈w〉
A
= vhalo
〈y〉
A
〈T 〉A
mec
k
. (11)
The resulting signal from this estimation can be compared pixel by
pixel to the kinetic SZ signal which was obtained directly from the
hydrodynamical simulation. The result of that comparison for all
halos is shown in figure 16. Clear to see that there is not only a
large scatter but also systematic trend which is related by approx-
imating the optical depth through the mean temperature and the
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Figure 14. Full sky projections of thermal (upper panel) and kinetic (lower panel) signal taken exemplary from the last shell (e.g. z = 0.14− 0.16) integrated
through the WMAP5/1200 simulation. The inlays show a zoom onto one of the prominent structures within that shell. Clear to see the large scale peculiar
velocity patterns reflected in the kinetic signal, which inside the structures get perturbed by the local motions within the super cluster structure as well s internal
motions within some of the clusters.
mean thermal SZ measured in each pixel. The expected pairwise
signal from this approximation is shown as dotted line in figure 15.
The bias induced by approximating the optical depth of the individ-
ual systems by combining their thermal SZ signal with the mean
temperature of these systems can in principal be calibrated based
on the hydrodynamical simulations itself. We find that a reduction
of 30% of the estimated optical depth leads to a very good agree-
ment between the true and the estimated signal, especially when
looking at the signal obtained when including all halos, as can be
seen by the dashed lines in figure 15, which falls basically on top of
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Figure 16. Pixel by pixel comparison of the kinetic SZ signal obtained di-
rectly from the hydrodynamical simulation with the estimated signal based
on the bulk velocity of the halo. Shown is the signal of all halos selected
wit a circular velocity larger than 300km/s. Additional, the mean is shown
for selecting different halos based on their circular velocity as done is figure
15.
the signal obtained from the real kinetic SZ signal extracted from
the maps. However, when going to more massive systems it can be
seen that the true kinetic SZ signal is significantly larger than the
one estimated from the bulk velocity of the halo, again indicating
that in massive systems internal motions of the ICM in respect to
the bulk motion of the halo itself are contributing significantly to
the expected kinetic SZ signal.
8 CONCLUSIONS
We used a large set of cosmological, hydrodynamical simulations,
which cover very large cosmological volume, hosting a large num-
ber of rich clusters of galaxies, as well as moderate volumes where
the internal structures of individual galaxy clusters can be re-
solved with very high resolution to investigate, how the presence
of baryons and their associated physical processes like cooling and
star-formation are affecting the systematic difference between mass
averaged velocities of dark matter and the ICM inside a cluster and
how that is reflected in observables like the kinematic SZ effect.
Our main findings are:
• The peculiar velocity of galaxy clusters are, as expected, in-
dependent of mass and redshift following a Maxwell distribution.
However, being able to probe very large cosmological volumes, we
could demonstrate that the characteristic velocity of this distribu-
tion is not a fixed value but depends on the local, large scale over-
density within a sphere of 20 Mpc (δ20Mpc) as
σv [km/s] = 185× exp (δ20Mpc/10) (12)
and thereby typical peculiar velocities (which are ≈ 410 km/s for
the most recent cosmological parameters) increase by a factor of 2
within super cluster regions.
• Also in merging systems the relative velocity of the clusters
is strongly increase and typically exceeds values of 1000 km/s in
the moment when the virial sizes of the two systems touch. It has
to be also noted that even in the larges box of or simulation cam-
paign (WMAP5 / 1200) all cluster pairs with distances less than
three times their virial size are approaching each other.
• Relative ICM motions in the center of galaxy clusters can in
some cases exceed the peculiar motion of the cluster as a whole.
We find relative motions (so called sloshing) of the ICM up to 1000
km/s, in good agreement with observations. This sloshing motions
are scaling with the virial velocity dispersion of the clusters and
typically 25% of the clusters show sloshing motions of 20% of the
virial velocity dispersion within their core which decrease to 9%
averaged over the virial region. The relative motions of the core
compared to the peculiar velocity thereby are completely uncorre-
lated.
• When measuring the peculiar motion of the galaxy cluster by
combining the kinematic and thermal SZ measurement, the addi-
tional bias between the mass weighted temperature (entering the
thermal SZ signal) and the temperature inferred from X-ray obser-
vations (which is in addition needed) further increases the scatter
between the inferred velocity and the true, peculiar velocity. The
combination of the dependence of the relative motions of the ICM
with cluster mass and the dependence of the observed signal with
the size of the observational aperture leads to a mass dependence
of this scatter. Whereas for less massive clusters (e.g. 1014M⊙/h),
the induced scatter is of order 60-90 km/s dependent on the aperture
and the size of the temperature bias, for very massive systems (e.g.
1014M⊙/h), the scatter is between 50 km/s and 200 km/s, depend-
ing mainly on the size of the aperture. In case the signal is inferred
from X-ray data only (e.g. using high resolution microcaloimeters),
the scatter for small apertures is even significantly larger.
• When looking at the stellar components of the cluster it is im-
portant to note that the mean velocity of the galaxy population even
when averaging within the virial region is a very bad indicator of
the peculiar velocity of the system. Interestingly, although obtained
only from the central part of the cluster, the stellar component of
the central galaxy gives a much better indicator of the peculiar mo-
tion of the cluster, however the relative difference in that case is
still a factor of two worse than the mean velocity obtained from the
ICM within the virial region.
• The pairwise velocity signal as measured in Hand et al. (2012)
is in qualitative agreement with the expectations from hydrodynam-
ical simulations, although it strongly depends on the mass cut ap-
plied to the selected clusters/groups. There is a significant (30%)
bias introduced by the estimation of the optical depth based on
temperature and thermal SZ signal. Additional, when restricting to
massive system to increase the signal, internal velocities of the ICM
are giving a significant extra contribution to the observed kinetic SZ
effect.
Given the improved sensitivity of current instruments it might
be expected that the kinetic SZ signal in massive clusters will be de-
tected soon. However, it has to be kept in mind that, as we clearly
demonstrated, the internal motions of the ICM within the central
part in respect to the galaxy cluster as whole is more pronounced
in massive systems, where such internal motions by far exceed the
expected bulk motion, which leads to an unavoidable systemati-
cal error in the inferred peculiar velocities of the halos which is
connected to the relative motion between the dark matter and the
ICM. This will dominate the signal unless one integrates over rel-
atively large area. However, when integrating over larger area, un-
derstanding and correcting for the the bias between mass weighted
and measured (via X-ray) temperature gets more crucial, as one
averages over a larger range in temperature structures within the
ICM. Measurements of the ICM velocity using X-ray spectra will
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be even more affected, as they give additional weight to the central
regions. Therefore we conclude that measuring the velocity of the
ICM in the central regions of galaxy clusters will give very inter-
esting insights into the dynamics of galaxy clusters, however one
has to be carefully when associating the peculiar velocity of galaxy
clusters with such measurements.
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APPENDIX A: PECULIAR VELOCITY OF HALOS IN DM
AND CSF SIMULATIONS
The distribution of the overall peculiar motions of galaxy clus-
ters reflect the large scale velocity field, which still probes the
linear regime of structure formation. Therefore we do not expect
the presence of baryonic components and their associated phys-
ical processes (like cooling, star-formation and stellar feedback)
to influence the overall peculiar velocities of galaxy clusters. This
is also demonstrated in figure A1, which shows (as in the left
panel of figure 2) the distribution of cluster peculiar velocities
for different cut in cluster mass from the large cosmological box
WMAP5 / 1200, comparing the simulation including cooling and
star-formation (solid line) with the dark matter only simulation of
he same cosmological box (dashed lines).
APPENDIX B: SPACIAL DISTRIBUTION OF THE
OBSERVABLE SIGNAL
To give an impression of the actual spacial distribution of the signal
we show in Figure A2 a visualize the maps of different observable,
where the height in the 3D plot correspond to the strength of the
signal. The region shown is a 1.5Mpc times 1.5Mpc region cen-
tered on the individual clusters. Shown is the kinetic (first three
rows) and thermal SZ effect (4th row) as well as the X-ray sur-
face brightness of the four most massive clusters from the medium
size cosmological box WMAP3 / 300. The internal motions of the
different parts of the clusters can be clearly seen in the different
minima’s and maxima’s of the maps. Very sharp and isolated fea-
tures are representing sub structures, which still have a baryon con-
tent left which is not yet stripped by the cluster atmosphere. In line
with previous findings, only a very small number of the hundreds
of resolved substructures within the cluster have still some resid-
ual gas (see also Dolag et al. 2009) which thereby contributes to
the overall kSZ signal of the ICM. Due to the significant internal
bulk motions within the ICM also large scale features can be clearly
seen. Within the thermal SZ signal, the substructures with still host
noticeable amount of gas do not stick out so much compared to
the ICM, demonstrating that the strong signals in the kinetic ef-
fect are dominated by the large, relative motion and are not due
to a larger comtonization parameter of the gas within such sub-
structures. As most of the large scale structures within the cluster
are approximately in pressure equilibrium, the thermal SZ effect
shows in comparison a much more regular structure. Also clear to
see that the X-ray signal, due to its density square dependence falls
off much more rapidly than the thermal SZ signal.
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Figure A2. Visualization of the kSZ, tSZ and X-ray SB for the 4 most massive clusters within the medium size cosmological box WMAP3 / 300 (4 rows).
From left to right are the 3 different spacial projection directions (x,y,z) of the kSZ (shown is asinh(w)), the tSZ (x projection, shown is log10(y)) and the
X-ray surface brightness (x projection, shown is log10(SB)). Displayed is a 1.5x1.5 Mpc region centered on the clusters.
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